Abstract: Following a weakening of the semi-annual oscillation (SAO) since the mid-1970s, the half-yearly pressure wave in the Southern Hemisphere has become less significant. As a result, May/June temperatures have decreased in East Antarctica, which has moderated Antarctic warming. Spectral analysis of 87 years of pressure data at Orcadas suggest that the recent weakening of the SAO is part of the natural variability of the Southern Hemisphere circulation on decadal timescales. We interpret the time series of composite Antarctic temperature in terms of the historical strengthening and weakening of the SAO. If the dominant oscillations that occurred in the past prove to be persistent, an accelerated East Antarctic warming trend is expected for the coming decades. There are indications that the strength of the SAO is linked to the Southern Oscillation, in the sense that warm phases of the Southern Oscillation coincide with strong westerlies, a weakly developed SAO and below-average temperatures in East Antarctica. Temperatures on the west coast of the Antarctic Peninsula show strongly deviant patterns, which can not be explained by the same mechanism that applies to East Antarctica.
Introduction
In part 1 of this paper we showed how the semi-annual oscillation (SAO) influences East Antarctic coastal temperatures (van den Broeke 1998) . It was found that circulation changes that are associated with the expanding phase of the SAO in autumn and spring ( Fig. 1 ) increase the transport of air from lower latitudes towards continental Antarctica ( van Loon 1967) . This directly couples halfyearly waves of pressure and temperature. A detailed description of the spatial characteristics of the SAO can be found in Schwerdtfeger & Prohaska (1956) and van Loon (1972a) .
Recent work has revealed a significant weakening of the SAO from the mid to late 1970s well into the 1980s. Van Loon & Rogers (1984) discussed the interannual variations of the SAO with respect to the zonally averaged geostrophic winds, but did not find trends. Van Loon ef al. (1993) used zonal averages to describe the weakening of the SAO from 1977 onwards. The largest changes occurred in the South Pacific Ocean, where the second harmonic in mid-latitudes disappeared in the early 1980s. In the Indian and Atlantic Ocean the SAO weakened but recovered partly afterwards. The changes in the SAO were induced by an average northward movement of the trough, in association with pressure falls in the months of extreme northward extent.
Time series of the amplitude of the half-yearly pressure wave suggest that the recent changes are larger than the typical variations in the past 40-60 years (Hurrell & van Loon 1994) . The latter authors also showed that the failure of the trough to expand northward in October/November resulted in a continued strong polar vortex into late spring during the 1980s, which could point towards a delay in spring warming owing to low stratospheric ozone concentrations. The absence of cooling at the 5OWa level at Casey station, however, rather seemed to point in the direction of circulation changes in the troposphere.
In this paper we will only briefly discuss possible reasons for the SAO decline, and focus on how it affected Antarctic near-surface temperatures. We will discuss the historical significance ofthe recent changes, and how the results can be of help for the interpretation of Antarctic temperature time series. Table I lists the stations, their position and the number of years with available data. The location of the stations is presented inFig. 1. Monthly mean pressure and temperatures for the period 1957 -88, compiledby Jones &Limbed( 1987 and updated by Smith & Steams (1 993), form the basis of this study. Where possible, data were updated to 1996. The most important sources for recent data are the Australian Antarctic Division (CRC/AAD) and the British Antarctic Survey (BAS) databases, both accessible via internet. Excellent data coverage and availability exists for the (current and former) British Antarctic stations (denoted by BAS in Table I ). For many other stations, unfortunately, records are not so complete; especially pressure data lack from 1990 onwards. In line with the timing of the reported changes, time series were divided in two periods, 1957-79 and 1980-96. We decided to use all available monthly means to construct average annual cycles of temperature and pressure, which were then subjected to a harmonic analysis.
Data
Composite Antarctic temperature anomalies for years after 1983 were calculated by correlation of a simple weighed mean of all stations (excluding Byrd) with the anomalies presented by Raper et al. (1984) . For the overlapping period of 2 1 years (1 963-83) a good correlation was found between the two methods (slope 1.01, r = 0.95), which we then used to extrapolate the timeseries of Raper et al. (1984) to 1993. East Antarctic temperature anomalies were calculated in a similar way using data from stations 1, 2,4-13 in Table I . Fig. 1 . Location of stations used in this study (numbers correspond to station numbers in Table I 
Station pressure changes
We calculated pressure differences between three pairs of coastal Antarctic stations and mid-latitude islands. Station pairs were chosen such that they are situated in or close to September-December and the contraction phases from December-March and June-September.
From 1980 onwards, the second expansion phase appears to be delayed by a month, which agrees with the analysis of Hurrel & van Loon (1994) . The delay is most pronounced in the Pacific Ocean. During the first expansion phase, changes are somewhat less dramatic: the amplitude has decreased, mostly so in the Indian Ocean, and the phase has shifted in the opposite direction.
These changes have effectively decreased the contribution of the second harmonic H,(P) to the variation in the annual pressure cycle, as shown in Fig. 3 . Again the changes have been most dramatic in the Pacific region of Antarctica; at Faraday station, for instance, the percentage of total variance explained by H,(P) decreased from 77% to 10%. Significant changes are also visible in the pressure records of East Antarctic stations: comparing mean annual pressure cycles of seven coastal stations with the longest pressure records, it was found that the amplitude of H,(P) has decreased on average from 2.9 hPa to 2.2 hPa (a change that is significant at the 99% confidence level), while the percentage of the total variance explained by H,(P) decreased from 61% to 38%. Similar reductions are found for stations on the East Antarctic plateau. Antarctica, warming has been more moderate, and at places even a cooling has occurred, for instance at South Pole and around Mawson stations. These remarkable differences in regional temperature trends are in general agreement with earlier studies, e.g. Jacka (1 990) and Jones & Wigley (1988) . Upon closer inspection of the annual cycle, it appears that the largest differences between East and West Antarctica occur in the months May and June. Temperatures in these months have decreased at all East Antarctic stations, except for Syowa (Fig. 4) . The opposite is true for stations in West Antarctica and the Peninsula, where MayIJune have contributed more than average to the annual temperature increase. We will therefore discuss both regions separately in the following.
Station temperature changes

East Antarctic stations
In part 1 of this paper we found a strong correlation between the SAO and the annual cycle ofnear-surface temperatures in coastal East Antarctica for the period 1957-79: stations with a relatively small amplitude of the semi-annual pressure wave experience a relatively strong half-yearly temperature wave and vice versa. This intuitively unexpected correlation stems from the large longitudinal (westward) displacement of the trough in the expansion phase, in addition to the meridional (northward) movement, as is schematically illustrated in Fig. 1 .
To investigate whether and how the recent weakening of the SAO has impacted on East Antarctic temperatures, we selected nine coastal East Antarctic stations (those that have more than 15 years oftemperature datain the period 198@96) and correlated changes of monthly mean temperatures to the amplitude of H,( 7) (1 957-79) (Fig. 5a ). The correlation curves shows two local minima, surrounding the months with extreme northward extent of the trough. The local minimum in the summer fails to reach significance, but significant negative correlations do exist for May, June and July (with confidence levels of 95%, 99% and 90%, respectively). To find that these months are most sensitive to the changes in the SAO, in spite ofthe less dramatic circulation changes (Fig. 2) , is somewhat surprizing. The reason for this is the much larger meridional temperature gradient at the surface between Antarctica and its surroundings ( van Loon 1972b) , which makes that winter temperatures are sensitive to small changes in the circulation. The correlations forthe May/June/July temperature changes are presentedinFig. 5b. Two effects arevisible: the suppressed meridional movement of the trough caused cooling in the former expansion phase (May) and warming in the former contracting phase (July). In between, the meridional position of the trough has not changed, resulting in a zonally averaged zero temperature difference for June. The suppressed longitudinal movement of the trough modifies this pattern, in the sense that w a d c o o l areas are situated directly east/west of the negative pressure anomaly, where the former values of H 2 ( 0 were relatively low/high. It is likely that this process also accounted for the May cooling/July warming at South Pole station (Dutton et al. 1991) , which is sensitive to SAO signals from the Pacific Ocean (van Loon 1967). rose even stronger at Orcadas, situated to the east, it is well possible that the new pressure distribution in spring initiated a northerly flow. In spring, when the trough expansion is delayedby one month, themeridional circulation is suppressed, which has clearly moderated warming in the months from September onwards.
It is not easy to explain why this region reacts so differently to the (changes in the) SAO, whencompared to East Antarctica. It is likely that the steep, north-south directed topography and the cold climate in the Weddell Sea shields the west coast of the Peninsula from changes that occur eastwards, i.e. in the Atlantic cell of the SAO, and enhances meridional exchange of air masses. The analysis of Jacka (1990) showed that stations in South America (situated in the same longitudinal interval) experienced negative temperature trends during the last decades. This could point towards increased meridional air exchange in this section of Antarctica. King (1994) proved that temperatures at the Peninsula are sensitive to the meridional circulation; July temperatures, however, more strongly depend on local sea ice conditions. Clearly, the interaction between circulation and temperatures is very complex in this area, and more research is needed. 
Historical significance and interpretation of composite Antarctic time series
Antarctic Peninsula
In contrast to East Antarctica, May/June temperatures at the west coast ofthe Peninsula have showna continuous increase.
As an example, changes of monthly mean temperature and pressure at Faraday are presented in Fig. 6 . Note that the temperature changes have been highly asymmetric, with stronger warming in autumn and winter than in spring. The significant pressure rise in April could denote an early expansion of the trough. Because pressure in these months Sincethebeginning ofthe 198Os, EastAntarctic temperatures in general and May/June temperatures in particular contribute negatively to the composite Antarctic temperature anomaly (Fig. 9) . We propose here that this is due to the weakening of the SAO since 1975, which has caused East Antarctic May/ June temperatures to decrease. In the beginning of the 1990s, MayIJune temperatures in East Antarctica show very large negative anomalies, which, combined with lower temperatures in the Peninsula area, has caused a decline of composite Antarctic temperatures. If the 30-35 year oscillation that was found in the Orcadas record is real, and applies to entire East Antarctica (which Fig. 7 suggests) , it is expected that the next decades will show a strengthening of the SAO, resulting in an East Antarctic warming trend that is similar to that before 1975. This would likely also cause an accelerated increase of composite Antarctic temperatures.
Discussion
Changes on decadal timescales are difficult to quantify, owing to the relative brevity of the Antarctic climate records. The similarity of the variations at Orcadas and other Antarctic stations in Fig. 7 , however, suggests that the former record gives a fair representation of the strength of the SAO for the entire continent. This suggests that the recent changes in the SAO are part ofnatural variations of the Southern Hemisphere circulation, with possible teleconnections to lower latitudes. Climate connections between low and high southern latitudes are complex, and results ofrecent research are summarized by King & Turner (1997) . Some generalremarks onassociations between the SAO and other characteristic features of the Southern Hemisphere circulation can be made, though. Meehl(l99 1) mentioned possible interactions between the SAO and the Southern Oscillation (SO): interannual variations in sea surface temperatures (SST) at SO'S weaken or enhance the SAO, which on its turn influences the strength of the subtropical high and could thus trigger warm or cold events in the SO. Such slow oscillations in SST could for instance be forced by the recently discovered Antarctic circumpolar wave (White & Peterson 1996) . The amplitude ofH,(P) at Chatham Island is indeed negatively correlated with departures of the (Fig. 6 ) and rising May/June temperatures in East Antarctica. The decrease of the SO1 since 1975, arising from several warm events and culminating in the 'extended' El Niiio in the first half of the 1990s (Trenberth & Hoar 1996) , is connected to the weakening of the SAO andlower MayIJune temperatures inEast Antarctica.
There also appears to be an association betweenthe strength of the westerlies and the SAO. With the availability of gridded analyses from 1972 onwards, the rapid changes in the zonal circulation that occurred during the 1970s were especially well documented. Trenberth (1979 Trenberth ( , 1980 Trenberth ( and 1981 and Swanson & Trenberth (198 1) discussed the strong increase in the early 1970s of geopotential height of the 500 hPa level over Antarctica and the concurrent decrease over the midlatitude continents, resulting in weakening westerlies and increased wave 2 and3 circulation. Since then, the meridional gradients of geopotential heights have increased again (van Loon et al. 1993 , Hurrell & van Loon 1994 . These changes are in phase with long-term strengthening and weakening of the SAO. A link between the circumpolar westerlies to East Antarctic temperatures via the SAO is supported by the significant negative correlation that was found between the strength of the circumpolar westerlies and temperature at South Pole (Rogers & van Loon 1982) as well as composite Antarctic temperatures (Raper et al. 1984) .
Although long-term variations seem to be well correlated, the connection between the SO and the SAO on the shorter time scales seems to be more complex. Van Loon (1984) and 1990 axis) and East Antarctic temperature anomaly (5-year running mean, right axis). van Loon & Shea (1987) found that the year before a warm event was characterized by a suppressed amplification of the trough into the Pacific during MayIJunelJuly, forced by a stronger-than-normal ridge, and an enhanced amplification during the warmevent one year later. Smith & Stearns (1993) calculated composite temperature and pressure anomalies over Antarctica for the 24 months surrounding a warm event; their results show that both before and after the warm event coastal East Antarctic temperatures are below normal, but that the temperature anomaly at the East Antarctic plateau changed signfromwarmtocold. Alinkbetweenwarmevents in the SO1 and colder temperatures at South Pole one year later was also found by Savage et al. 1988 . These results are not in disagreement with our findings that 'warm' events in the SO are associated withlow temperatures inEast Antarctica (Fig. 10 ).
Summary and conclusions
In part 1 of this paper we described the relation between the annual temperature cycle at East Antarctic stations and the semi-annual oscillation( SAO), i.e. the twice yearly expansion and contraction of the circumpolar trough. A well developed SAO tends to enhance the meridional exchange ofair, thereby moderating early winter cooling in East Antarctica. Following a significant weakening of the SAO since the mid-l970s, East Antarctic MayIJune temperatures have decreased, which levelled out the Antarctic warming trend. Spectral analysis of 87 years of Orcadas pressure data suggest that the recent weakening of the SAO is part of a set of low-frequency variations in the SAO, with dominant periods of 12 and 30-35 years. If the process proves to be repetitive and valid for the entire continent, an accelerated East Antarctic warming should be expected in the coming decades, comparable to the trends observed before 1975 (i.e. 1 K per 15 years).
There are indications of links between the SAO and the Southern Oscillation, in the sense that warm phases of the SO coincide with strong westerlies, a weakly developed SAO and below-average temperatures in east Antarctica and vice versa.
